[Ig of lysine-C (Wako) at 37?C for 17 hours. (1987)]. 10 . Degenerate oligonucleotides corresponding to two sequenced peptides of IL-4 Stat were used for PCR amplification of cDNA prepared from Thp-1 cell mRNA. One primer 5'-AARATGTGYGARACNYT-NAA-3' (R was equimolar mix of G and A; Y was an equimolar mix of T and C; N was an equimolar mix of G, A, T, and C) corresponded to the peptide sequence NH2-KMCETLN-COOH. The other primer 5'-CATYTGYTCNGGYTTRTARTG-3' corresponded to the peptide sequence NH2-HYKPEQM-COOH. Conditions for PCR amplification were 94?C for 1 min, 500C for 1 min, and 72?C for 1.5 min repeated for 35 cycles. The PCR reaction buffer consisted of 10 mM tris (pH 8.3), 50 mM KCI, 1.5 mM MgCI2, 0.001 % gelatin, 10 pM of each primer and 20 ng of cDNA. The amplified product, 0.5 kb in length, was cloned and sequenced by the chain termination method.
11. H. Wakao, F. Gouilleux, B. Groner, EMBO J. 13, 2182 (1994 nists, may determine the pattems of altemative splicing of many genes expressed in a particular cell type. Tissue-specific variations in the total and relative amounts of SR proteins or their mRNAs have been described (8, 10, 11) , and in addition the molar ratio of SF2/ASF to hnRNP Al varies over a wide range in different rat tissues ( 1) . Whether changes in the relative amounts of SF2/ASF and hnRNP Al can affect gene expression in vivo was not known. To address this question, we transiently overexpressed SF2/ASF or hnRNP Al complementary DNAs (cDNAs) in HeLa cells and analyzed the splicing pattems of cotransfected reporter genes. We first analyzed a thalassemic allele of the human 3-globin gene, whose splicing is responsive to changes in the concentration of SF2/ASF in vitro (1) . This p3thal allele contains a G to A transition at position 1 of intron 1, which results in abnormally spliced mRNA both in vitro and in vivo (12, 13) . This mutation causes the activation of three cryptic 5' splice sites that are completely silent in the wild-type allele (Fig. 1A ).
When the p3thal gene was transiently transfected into HeLa cells (14) , all three cryptic sites were used in roughly equal proportions (Fig. 1A) . Upon cotransfection of a human SF2/ASF cDNA, a substantial change in the relative use of each cryptic 1706 SCIENCE * VOL. 265 * 16 SEPTEMBER 1994 REPORTS site was observed, with the most proximal 5' splice site (cryptic site 3) selected almost exclusively (Fig. IA) . This effect on 5' splice site selection was the result of increased SF2/ASF expression, because cotransfection of the parent plasmid vector without the SF2/ASF coding sequence had no effect (Fig. IA) . SF2/ASF mRNA expressed from the cloned cDNA accumulated in large amounts in the transfected HeLa cell population (Fig. iB) (15) . Although the relative use of the three cryptic sites differs in vivo (13) (Fig. IA) and in vitro (1, 12) , the increase in SF2/ASF causes a shift toward the most proximal 5' splice site in both cases (1) (Fig. IA) .
Next, we tested the effect of SF2/ASF overexpression on the alternative splicing of rat clathrin light chain B. This gene has six exons, one of which, termed EN, is included only in neurons (16) . Transfection of a clathrin minigene into HeLa cells generates predominantly the EN-skipped form (16) . Upon overexpression of cotransfected SF2/ASF (Fig. 2B) , the ratio of EN exon inclusion to exon skipping increased greatly (Fig. 2, C and D) . Hence, in vivo overexpression of SF2/ASF can promote inclusion of a neuron-specific exon in a fibroblast.
The difference in exon EN inclusion between HeLa cells transfected with or without SF2/ASF is quantitatively smaller than that observed between neurons and HeLa cells transfected with only the clathrin minigene (16) , and therefore the skipped form is still detectable (Fig. 2D) . The partial extent of the switch suggests that exon EN inclusion is regulated in the brain by specific factors other than, or in addition to, SF2/ASF-for example, a different SR protein. However, a complete switch in splice site selection may not be achievable in a cotransfection experiment because the observed effect is dependent on the timing of expression of the reporter gene and of SF2/ASF, as well as on the stabilities of reporter mRNA isoforms that are expressed before substantial amounts of SF2/ASF protein accumulate in the nucleus.
Alternative splicing of rat 3-tropomyosin pre-mRNA is regulated in a tissue-specific manner, in part by use of exon 6 in smooth muscle and nonmuscle cells and by use of exon 7 in skeletal muscle (17, 18) . Splicing of a P-tropomyosin minigene transcript in HeLa cell extracts or in transfected cells generates, in addition to the nonmuscle 5, 6, 8, 9 mRNA, an inappropriately spliced 5, 8, 9 mRNA as a consequence of abnormal skipping of exons 6 and 7 (18, 19) (Fig. 3A) . We tested whether increasing the amount of SF2/ASF in vivo can correct this abnormal splicing pattern.
Cotransfection of the SF2/ASF cDNA and the 3-tropomyosin minigene resulted in a reduction in the amount of the exonskipped 5, 8, 9 mRNA relative to the exon inclusion form (Fig. 3A) (20) . Further analysis indicated that SF2/ASF overexpression stimulated inclusion of the fibroblast-specific exon 6 (Fig. 3B) , whereas exon 7 inclusion was not detected (21) . These results agree with in vitro experiments that showed that high concentrations of SF2/ASF can prevent inappropriate exon skipping (7) and further implicate SF2/ASF in the mechanism responsible for splicing fidelity in vivo. The fact that SF2/ASF did not activate the more proximal exon 7 is consistent with the notion that use of this exon may require different, or additional, musclespecific regulators, such as another SR protein or an unrelated factor.
To address the role of hnRNP Al in the regulation of altemative splicing in vivo, we transiently overexpressed the cDNA in HeLa cells and analyzed the pattem of altemative splicing of a cotransfected adenovirus EIA gene. Transfection of the EIA 4 5 6 7 1 2 3 4 5 6 7 described heterodimer artifact (16) . The LCB minigene contains the complete introns D (1.8 kb) and E (3.1 kb) of the LCB gene as well as 108 and 45 nucleotides of exons IV and V, respectively, and the complete 54-nucleotide EN exon (16) . The minigene was cloned into pfQ3 (26) , in which transcription is driven by an SV40 promoter. HeLa cells were transfected with 4 ,Ig of the LCB minigene and the indicated amounts of either pCG-SF2 or pCG. RNA samples were analyzed by RT-PCR with exon V reverse and SV40 forward primers. The RT-PCR products were detected by Southern (DNA) blotting with the [y-32P]adenosine triphosphate end-labeled oligonucleotide CTTCCGATGCCACATAGCCAATGG, which is EN-specific, as a probe for exon inclusion. The same blot was stripped and reprobed with an oligonucleotide complementary to the flanking exons IV and V, under hybridization conditions that detect only EN skipping (16) . SCIENCE * VOL. 265 * 16 SEPTEMBER 1994 1707 gene alone, or cotransfection with the control plasmid, generated multiple mRNA isoforms that represent alternative 5' splice site utilization (Fig. 4, B and C) . Cotransfection of the hnRNP Al cDNA resulted in a shift toward use of the most distal 5' splice site (Fig. 4, B and C) to generate the 9S mRNA, which is characteristic of the late phase of adenovirus infection (22) . This result is consistent with in vitro experi- scripts is the same in all three lanes (20) . Analysis of the same RNA samples with SV40 and exon 7 primers gave no 1 2 3 amplification products, indicating that exon 7 was not included (21) . ments showing that addition of hnRNP Al causes activation of the EIA 9S 5' splice site (5) .
Cotransfection of the SF2/ASF cDNA strongly activated the most proximal 5' splice site, giving rise to the 13S mRNA (Fig. 4, B and C) . Expression of transfected SF2/ASF or hnRNP Al was verified by reverse transcription-polymerase chain reaction (RT-PCR) analysis of the corresponding samples (21) . Expression of transfected hnRNP Al was low, which may account for the relatively small extent of proximal to distal 5' splice site switching (Fig. 4C) . The hnRNP Al protein is very abundant in HeLa cells, and its expression may be tightly regulated (23) .
In summary, we show that overexpression of hnRNP Al activated distal 5' splice sites, whereas overexpression of SF2/ASF activated proximal 5' splice sites, prevented abnormal exon skipping, and promoted exon inclusion. These effects are exactly as predicted from previous in vitro experiments with SF2/ASF and hnRNP Al. Our transfection experiments demonstrate that transient changes in the cellular ratio of SF2/ASF to hnRNP Al can influence several different modes of altemative splicing in vivo. Recent experiments showed that the molar ratio of SF2/ASF to hnRNP Al naturally varies over a very wide range in different rat tissues (11) . Taken together, these results strongly suggest that in vivo regulation of the expression of many genes by alternative splicing may be accomplished at least in part by tissue-specific, developmentally regulated, physiological state-dependent, or virus-induced variations in the relative levels of one or more SR proteins and the antagonizing factor hnRNP Al. Changes in the nuclear concentration of a limited number of general splicing factors, rather than expression of numerous genespecific regulators, may in this manner control the expression of a wide variety of genes.
